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ABSTRACT
Studies of the Galactic Centre suggest that in-situ star formation may have given rise
to the observed stellar population near the central supermassive black hole (SMBH).
Direct evidence for a recent starburst is provided by the currently observed young
stellar disc (2-7Myr) in the central 0.5 pc of the Galaxy. This result suggests that
star formation in galactic nuclei may occur close to the SMBH and produce initially
flattened stellar discs. Here we explore the possible build-up and evolution of nuclear
stellar clusters near SMBHs through in-situ star formation producing stellar discs sim-
ilar to those observed in the Galactic Centre and other nuclei. We make use of N-body
simulations to model the evolution of multiple young stellar discs, and explore the
potential observable signatures imprinted by such processes. Each of the five simu-
lated discs is evolved for 100Myr before the next one is introduced in the system.
We find that populations born at different epochs show different morphologies and
kinematics. Older and presumably more metal poor populations are more relaxed and
extended, while younger populations show a larger amount of rotation and flattening.
We conclude that star formation in central discs can reproduce the observed proper-
ties of multiple stellar populations in galactic nuclei differing in age, metallicity and
kinematic properties.
Key words: Galaxy: centre – Galaxy: nucleus – Galaxy: formation – Galaxy: evolu-
tion – stars: formation – stars: kinematics and dynamics
1 INTRODUCTION
The Galactic Centre (GC) hosts a relatively old (older than
few Gyr) ∼ 2.5 × 107M nuclear star cluster (NSC) with an
effective radius of 4.2pc (Feldmeier et al. 2014; Scho¨del et al.
2014). At the centre of this cluster lies a supermassive black
hole (SMBH), Sgr A∗, of mass 4.3 × 106M (Ghez et al.
1998; Eisenhauer et al. 2005; Gillessen et al. 2009; Boehle
et al. 2016; Gillessen et al. 2017). Mass segregation argu-
ments, confirmed by recent observations (Freitag et al. 2006;
Alexander & Hopman 2009; Miralda-Escude´ & Gould 2000a;
Hailey et al. 2018), predict the presence of a cusp of stellar
black holes (SBHs) around the central SMBH. At Galacto-
centric radii smaller than 0.05pc, the GC hosts the so called
S-stars, young B-stars with ages between 10 and 50Myr and
relatively high orbital eccentricities (0.3 < e < 0.95). The
spatial and kinematic distribution of the S-stars is approxi-
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mately isotropic, and not associated with any disc structure
(Gillessen et al. 2009). There is not yet consensus on the
origin of these stars, which in the two most prominent sce-
narios might have formed and migrated inward in a gaseous
disc or be captured during the disruption of binary stars op-
erated by the SMBH (Morris 1993; Perets et al. 2009; Perets
& Gualandris 2010). Further from Sgr A∗, the central 0.5 pc
of the Galaxy harbour a clockwise disc of young and mas-
sive stars with ages between 2 and 7Myr and total mass of
few 103 M to 104 M (Levin & Beloborodov 2003; Paumard
et al. 2006; Lu et al. 2009; Bartko et al. 2009; Genzel et al.
2010; Yelda et al. 2010; Pfuhl et al. 2011). The presence
of a second counter-clockwise and approximately coeval disc
is still debated (Genzel et al. 2003; Paumard et al. 2006;
Bartko et al. 2009; Lu et al. 2009, 2013). As shown by
hydrodynamical simulations, these stars might have formed
locally inside a self-gravitating gaseous disc (see e.g. Levin
& Beloborodov 2003; Paumard et al. 2006; Nayakshin &
Cuadra 2005; Hobbs & Nayakshin 2009; Mapelli et al. 2012)
© 2019 The Authors
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Figure 1. Snapshots of the simulated stars in the xz plane taken when each disc is introduced in the system. Different colours represent
stars in different discs and the top panels are for the first realisation while the bottom panels are for the second realisation. The discs
are inclined differently and the third disc in the first realisation and the second one in the second realisation are retrograde.
which fragmented in the central 0.5pc of the Galaxy (see
e.g. Feldmeier-Krause et al. 2015). The mass function of the
young stars has been claimed to be top-heavy when observ-
ing only or mainly Wolf-Rayet and O-type stars (∝ m−0.85
or ∝ m−0.45 Paumard et al. 2006; Bartko et al. 2010). A top-
heavy mass function similar to the observed one has been
reproduced in simulations under particular conditions on the
temperature of the gas (Mapelli et al. 2012). Using the same
data and Bayesian approach adopted by Do et al. (2013),
Lu et al. (2013) found a steeper mass function (∝ m−1.7).
We note that these are estimates for the current mass func-
tion and, as such, they are based on the observation of a
small sample (∼ 100) of luminous stars (mostly O B and
WR stars). The presence of the young stellar disc as well
as the existence of H ii regions and young stars within the
central 100pc of the Milky Way (Figer et al. 2004) sug-
gest that the GC went through recent star formation pro-
cesses in this region (Genzel et al. 2010). However, while
the majority of current studies focused on the understand-
ing of the build-up of NSCs through the infall of stellar clus-
ters (Tremaine et al. 1975; Capuzzo-Dolcetta 1993; Antonini
et al. 2012; Arca-Sedda & Capuzzo-Dolcetta 2014; Perets
& Mastrobuono-Battisti 2014; Mastrobuono-Battisti et al.
2014; Gnedin et al. 2014; Arca-Sedda et al. 2015; Antonini
et al. 2015; Arca-Sedda & Capuzzo-Dolcetta 2017a,b; Tsatsi
et al. 2017; Abbate et al. 2018), very few studies so far ex-
plore the long-term effects and evolution of NSCs with in-
situ star formation (Aharon & Perets 2015; Guillard et al.
2016; Baumgardt et al. 2018). In particular the potential in-
situ star formation producing stellar discs such as the one
observed in the GC had not been investigated. By means of
direct N-body and hybrid self-consistent field method mod-
els, Perets et al. (2018) illustrated how spiral arms can arise
in the current young stellar disc together with a warped disc
structure. These instabilities, caused by collective effects in-
troduced by a temporally aspherical NSC and strengthened
by the presence of a SBH cusp, can explain the observations
including the presence of overdensities in the disc, without
invoking external effects, like the presence of an intermediate
mass black hole. The warping of the disc due to the resonant
relaxation happening between the disc and the surrounding
old NSC could also be the responsible for the detection of
the second counter-clockwise and coeval second disc (Kocsis
& Tremaine 2011). In addition, Ulubay-Siddiki et al. (2013)
suggested the possibility that the second disc is the result
of a self-interacting single disc breaking up into two compo-
nents.
Observations suggest that stellar discs at the GC formed
at intervals of approximately 100 Myr (Hobbs & Nayakshin
2009). Those discs must have co-evolved leaving observable
chemo-dynamical signatures on the structure of the differ-
ent stellar populations. Here we focus on such multiple star
formation epochs in stellar discs and explore the evolution
and build-up of NSCs through these processes. We make use
of N-body simulations in which we mimic the events of star
formation at the GC by introducing several stellar discs one
after the other, while we consider a smooth potential for
the background stellar component of the central cusp of the
NSC and include the discrete component of the potential by
simulating a SBH cusp similar to the one expected from the-
ory and observations. These simulations provide clues to the
effects and observational signatures for the in-situ disc star
formation processes. In particular, they can point towards
long-lasting observable dynamical signatures of initial disc-
like configurations. They can also reveal the effects of a new
stellar disc on previously formed stars and older stellar discs
as well as the mutual interactions between different stellar
discs. Together these may shed new light on the physical
and dynamical processes in galactic nuclei and their impli-
cations for our understanding of the build-up of NSCs, their
star formation histories and observational implications.
This paper is organised as follows: in Section 2 we describe
the initial conditions adopted and the simulations. In Sec-
tion 3 we illustrate the results obtained and in Section 4 we
draw our conclusions.
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Figure 2. Contour density maps of the five simulated discs in
the first realisation considered together after 500 Myr of evolution.
The system is seen face-on (top panel) and edge-on (middle and
bottom panels).
2 MODELS AND METHODS
To study the interaction of multiple stellar populations born
one after the other at the GC, we followed the evolution
of five stellar discs by means of direct N-body simulations.
The number of simulated discs is constrained by the high
computational demand and uncertainties on the knowledge
of star formation rate at the GC. As such, our simulations
are not able to reproduce the exact conditions at the GC,
but rather provide observational constraints on the effects
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Figure 3. Density profile of the stars in the five discs (solid light
blue line), the black hole cusp (dot-dashed orange line) and the
combination of the two populations (dashed green line) at the end
of the evolution, in the case of the first realisation. The stars are
characterised by a central shallower cusp compared to the initial
profile of a single disc (dotted red line). The SBHs diffuse inwards
and outwards and show a density profile similar to the initial one
in the intermediate region (dot-dashed purple line) and a profile
∝ r−1.5 in the internal region (dashed grey line).
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Figure 4. Final cumulative mass fraction for each disc and for
the whole stellar component in the first realisation. The distri-
bution is shallower and more extended for older discs compared
to younger discs, which are still more centrally concentrated with
respect to older populations.
MNRAS 000, 1–12 (2019)
4 Mastrobuono-Battisti et al.
10 2 10 1 100
r [pc]
102
103
104
105
106
107
 [M
/p
c3
]
1st disc
2nd disc
3rd disc
4th disc
5th disc
10 2 10 1 100
R [pc]
102
103
104
105
 [M
/p
c2
]
1st disc
2nd disc
3rd disc
4th disc
5th disc
Figure 5. Spatial (upper panel) and projected (bottom panel)
radial density profiles of each disc in the first realisation at the
end of the simulation.
of multiple episodes of star formation in stellar discs. We
introduced each disc after the previous one had evolved for
100 Myr to mimic the star formation events. This time-scale
choice is justified by the missing evidence for star formation
episodes in the 100 Myr prior to the episode that lead to
the formation of the observed young stellar disc (Hobbs &
Nayakshin 2009). The detailed models of the discs and NSC
as well as the adopted initial conditions and the simulations
are described in the following paragraphs.
2.1 N-body simulations
We performed our N-body simulations using the direct N-
body code phiGRAPE (Harfst et al. 2007), adapted to run
on NVIDIA graphic processing units (GPUs) through the
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Figure 6. Axial ratios of the total system (solid and dashed grey
lines). The minor axial ratio c/a ratio is shown for the different
discs separately. The top panel is for the first realisation while
the bottom panel is for the second one.
Sapporo library (Gaburov et al. 2009). The basic version of
phiGRAPE has been modified to include an external ana-
lytic potential in the form of a stellar cusp and to consider
the central SMBH as a fixed central potential (see Perets
et al. 2009, 2018). This latter choice is justified by the ne-
cessity of reducing spurious Brownian motion of the SMBH
due to low particle numbers in the model (Bortolas et al.
2016). Simulations with a fixed and free SMBH show a com-
parable behaviour (see Perets et al. 2018). The simulations
have been run both on the cluster Tamnun at the Tech-
nion and on the cluster BwFor at the Computing Center of
Heidelberg University (URZ). To avoid close encounters be-
tween particles, we adopted a softening length of 3×10−4 pc.
The relative change in energy is (E f −Ei)/Ei ≤ 0.1, where Ei
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Figure 8. Face-on evolution of the first disc in the second realisation. Snapshots are taken every 15 Myr. The second disc appears after
100Myr. The second panel in the second row is for a snapshot taken at 90 Myr, just before the second disc appears. The third panel in
the same row corresponds to a snapshot taken at 105 Myr, right after the second disc has appeared.
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Figure 9. Edge-on evolution of the first disc in the second realisation. Snapshots are taken every 15 Myr. The second disc appears after
100Myr. The second panel in the second row is for a snapshot taken at 90 Myr, just before the second disc appears. The third panel in
the same row corresponds to a snapshot taken at 105 Myr, right after the second disc has appeared.
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Component M (M) N γ rmin (pc) rmax (pc)
NSC 4.3 × 106 − −1.75 0 3
SMBH 4.3 × 106 1 − − −
SBHs 1.6 × 105 3200 −2 0.03 0.8
Each disc 9 × 103 1000 −2 0.03 0.3
Table 1. Summary of the parameters used for the N-body reali-
sation of each component considered in the simulations. M is the
total mass, N is the number of particles adopted to model the
component, γ is the slope of the cusp or of the surface density
profile in the case of the discs, rmin and rmax are the internal and
external limiting radii of the component. The old stellar NSC is
modelled as a smooth analytic potential.
Simulation 1 Simulation 2
#ID i (deg) Ω (deg) i (deg) Ω (deg)
d1 0 0 0 0
d2 4.8 196 103 108
d3 173 17 66 200
d4 82 114 40 123
d5 2.9 17 26 40
Table 2. Initial orbital parameters for the five simulated discs in
both realisations. The longitude of the ascending node, Ω, and the
inclination, i, calculated with respect to the simulation reference
frame.
and E f are the values of the energy at the beginning and at
the end of the evolution of each of the discs.
2.2 Initial conditions: discs, stellar black holes
and stellar cusp
The presence of the old stellar component of the NSC is
taken into account through an analytic potential represent-
ing a cusp with slope γ = −1.75, i.e. the slope of the Bahcall
& Wolf (1976) cusp, extending between 0 and 3 pc (similar
to the influence radius of Sgr A∗). The central SMBH has
a mass of 4.3 × 106 M and the cusp is as massive as the
central SMBH. Stellar evolution and dynamics arguments
predict the presence of ∼ 20 000 SBHs at the GC (Miralda-
Escude´ & Gould 2000b; Morris 1993; Freitag et al. 2006);
the existence of these objects has been recently confirmed
by Hailey et al. (2018) through observations of X-ray bina-
ries within 1 pc from Sgr A∗. Most of the SBHs, remnants
of the evolution of massive (≥ 20M) stars, have a mass of
∼ 7M (Bailyn et al. 1998; see Aharon & Perets 2016 for
a discussion on the presence and influence of more massive
SBHs). We modelled this component, whose effect is crucial
for the dynamical evolution of the stars, assuming a pop-
ulation of 1.6 × 104 SBHs with mass of 10M distributed
isotropically between 0.03 and 0.8 pc according to a density
profile ∝ r−2 (see Freitag et al. 2006; Hopman & Alexander
2006; Alexander & Hopman 2009; Preto & Amaro-Seoane
2010; Aharon & Perets 2016; Perets et al. 2018). The young
stellar discs, which represent the stellar populations forming
at the GC, extend between 0.03 pc and 0.3 pc from the cen-
tral SMBH and have a mass of ∼ 9 × 103 M each (Genzel
et al. 2010). Their surface density profile is described by a
power-law with index γ = −2 as found in observations (see
0.0 0.2 0.4 0.6 0.8 1.0
a [pc]
0.2
0.4
0.6
0.8
1.0
Cu
m
ul
at
iv
e 
di
st
rib
ut
io
n
All
1st disc
2nd disc
3rd disc
4th disc
5th disc
0.0 0.2 0.4 0.6 0.8 1.0
eccentricity
0.0
0.2
0.4
0.6
0.8
1.0
Cu
m
ul
at
iv
e 
di
st
rib
ut
io
n
All
1st disc
2nd disc
3rd disc
4th disc
5th disc
thermal
1.0 0.5 0.0 0.5 1.0
cos i
0.0
0.2
0.4
0.6
0.8
1.0
Cu
m
ul
at
iv
e 
di
st
rib
ut
io
n
All
1st disc
2nd disc
3rd disc
4th disc
5th disc
uniform
Figure 10. Final cumulative distribution of the orbital parame-
ters for the stars belonging to each disc and for the whole stellar
component in the first realisation. The semi-major axis distri-
bution is shown in the top panel, the eccentricity distribution in
the middle panel and the inclination distribution in the bottom
panel. The green (third disc) and grey (all stars) curves overlap
in the top and middle panels.
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Figure 11. Evolution of the orbital parameters for the different
populations during the last 100 Myr of the first simulation. The
average semi-major axis is shown in the top panel, the average
eccentricity in the middle panel and the average inclination in the
bottom panel. The green (third disc) and grey (all stars) curves
overlap in the top panel.
Genzel et al. 2010, for the structural properties of the young
stellar disc observed at the GC). The stars in the discs are
initially on circular orbits around the SMBH. The discs are
initially thin as suggested by Nayakshin et al. (2007) and
their scale height is set to be 5% of their radial extension
(0.015 pc). Stars in each disc are initially on circular orbits
around the SMBH, which dominates the potential within its
radius of influence (∼ 2 − 3pc, Merritt 2010). The thickness
of each disc is generated by adding a 10% randomly oriented
perturbation to the velocities of the stars.
For computational reasons, and in particular to speed up
the simulation, we sampled each disc using 1000 single mass
stars with ∼ 9 M each. This corresponds to five times the
average stellar mass of a population with masses distributed
according to a (Salpeter 1955) initial mass function (IMF)
sampled between 0.6 M and 60 M. We adopted a Salpeter
mass function for simplicity, because of the uncertainties on
the IMF at the GC. To have the same mass ratio between
the simulated and real system both in the SBH cusp and
in the disc, we simulated 3200 SBHs of 50M, multiplying
their mass by a factor 5, as done for the stars. With the
adopted number of particles each 100 Myr of evolution re-
quired a wall-clock time of up to 4 weeks1. The parameters
used for each component are summarised in Table 1.
To readjust the simulation time to the real evolutionary
time, we rescaled the times using the ratio between the re-
laxation times of the real and simulated systems as done
in Mastrobuono-Battisti & Perets (2013). In particular, we
calculated
tsim
treal
=
nreal
nsim
(
msim
mreal
)2
=
1
5
(1)
where nreal = 5nsim and nreal, mreal and nsim, msim are the
number densities and particle masses in the real and simu-
lated system.
We simulated each disc after the previous one has evolved
for 100Myr, hence the total simulation time is 500Myr. The
inclination of each disc is chosen by randomly picking the
direction of its total angular momentum. We ran two simu-
lations with similar initial set-ups but different random re-
alisations of the initial conditions for the discs (see Table 2
and Figure 1 for the disc initial orbital parameters and for
the snapshots of the initial conditions for each disc in both
realisations). The third disc in the first realisation and the
second disc in the second realisation are retrograde. Given
the similarity between the results of the two simulations,
which supports the robustness of our approach, in the next
sections we mostly focus on the first realisation.
3 RESULTS
As shown in the next sections, the evolution of the discs
leaves long-lasting morphological and kinematical signatures
that, if observed, can shed light on the star formation pro-
cesses happening at the GC.
1 The particle by particle simulation run by Perets et al. (2018)
required 4 weeks to follow 6Myr of evolution with 21000 particles.
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Figure 12. Line of sight velocity maps for all the discs considered together and separately in the first realisation. The line of sight is
perpendicular to the total angular momentum of the discs considered together.
3.1 Morphology and axial ratios
Figure 2 shows the density maps in the face-on (top panel)
and edge-on (bottom two panels) projections of the final stel-
lar system. The stellar density peaks at the GC and quickly
drops going outwards. After 500 Myr of evolution, the stars
are still in a significantly flattened configuration, however
they have diffused beyond 0.3 pc which was their initial max-
imum distance from the SMBH. The stellar density profile
evolves from a ∝ r−2 power law to a shallow cusp in the
central region, followed by an external steep decline of the
density (see Fig. 3). The SBHs diffuse inwards as well as
outwards, and after 500Myr, their density profile follows a
power law with index ∼ −1.5 at radii smaller than 0.03pc (i.e.
within their initial minimum distance from the centre, see
grey dashed line in Fig. 3). This is close to the slope (−1.75)
of a stable Bahcall & Wolf (1976) equilibrium cusp towards
which the SBHs are gradually evolving while diffusing. The
SBH density profile shows a core between 0.03 and 0.05pc
while, at radii larger than 0.05pc, it is comparable to the
initial profile. The density profile with slope −2 is stable in
the intermediate regions, as predicted by dynamical studies
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Figure 13. Velocity dispersion maps for all the discs considered together and separately in the first realisation. The line of sight is
perpendicular to the total angular momentum of the discs considered together.
(Freitag et al. 2006; Hopman & Alexander 2006; Alexander
& Hopman 2009; Preto & Amaro-Seoane 2010). However,
we expect the presence of SBHs both inside 0.03 pc and out-
side 0.08 pc. Tidal disruption events and gravitational wave
emission events due to SBH mergers are expected in a wide
radial range around the SMBH.
Figure 4 shows the radial cumulative mass fraction for all
the stars and for each of the five discs considered separately.
While the stars in the fifth disc are still mostly distributed
within their initial radius, with the majority of the stel-
lar mass still enclosed within 0.3pc, the stars belonging to
more evolved discs have diffused to larger distances from the
SMBH. A significant fraction (20%) of the stars initially be-
longing to the first disc are found beyond a radial distance of
0.3pc. The three-dimensional and projected density profiles
of the five discs slightly differ in the central and interme-
diate regions (< 0.1pc, see Figure 5). Hence, we expect a
larger density of old stars beyond 0.3 pc. Interestingly, the
third disc, which in the first realisation is counterrotating
with respect to the other discs (see Table 1), has the low-
est projected density profile and shows a flat central core,
suggesting that its stars were scattered at larger radii more
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efficiently than stars belonging to prograde discs. Figure 6
shows the axial ratios for the discs considered together and
separately in the case of the first (top panel) and second
(bottom panel) realisation. In both realisations, the inter-
mediate axial ratio, b/a, for the whole stellar component –
and for each disc – is larger than 0.9 at radii smaller than
0.1pc, and approximately 1.0 at larger radii. The overall mi-
nor axial ratio, c/a, is, at any radius, smaller than 0.8 for
the first realisation and smaller than 0.7 for the second one.
The first and second discs in the second realisation are sig-
nificantly less flattened than in the first realisation. This is
due to the effect of the second counterrotating disc in the
second realisation (see Sect. 3.2 for the details). In both sim-
ulations, the systems are oblate and the flattening decreases
with increasing distance from the centre. Interestingly, stars
escaped beyond 0.3pc show a significant degree of flatten-
ing, depending on the epoch of formation. As expected, the
first disc is the most relaxed one, but it is still considerably
flattened with c/a ranging between 0.6 and 0.75.
The fifth disc is still significantly flattened, with c/a ≈
0.3 in the most central regions and c/a ≈ 0.5 in the outskirts
of the disc. The second disc which, in the first realisation,
is followed by the formation of the third counterrotating
disc (see Table 1) is slightly more spherical than the first
disc, suggesting that counterrotating discs have a significant
dynamical impact on the dynamical evolution of stellar pop-
ulations (see Section 3.2).
3.2 The dynamical impact of young populations
on old ones
To assess if and how the birth of a new stellar disc alters
the structure of older stellar populations we analysed the
first 150 Myr of evolution of the first disc in both our real-
isations. Figure 7 shows the cumulative distribution of the
semi-major axes, eccentricities and inclinations at 100 Myr,
i.e. immediately before the birth of the second disc, and
after additional 20 Myr of co-evolution. In the first realisa-
tion, the second disc is prograde with respect to the first
one and its presence does not affect the evolution of the or-
bital parameters of the stars belonging to the first disc. In
the second realisation, where the second disc is counterro-
tating with respect to the previous population, the evolution
of the semi-major axes and eccentricities of the stars in the
first disc is slightly affected by the formation of the second
disc. The counterrotation of the second disc mostly affects
the distribution of inclinations of the stars belonging to the
first disc, i.e. their spatial distribution. As seen in the right
panel of Figure 7, the first disc becomes immediately more
uniform due to the interaction with the second disc. Figures
8 and 9 show the face-on and edge-on evolution of the first
disc in the second realisation, plotted at intervals of 15 Myr
from 0 to 150 Myr. While the face-on disc does not modify
its structure significantly, the edge-on view shows that after
45 Myr of evolution, the disc starts warping and, as soon as
the second disc appears, its vertical size increases and the
disc becomes quickly more spherical as suggested by the dis-
tribution of the inclinations. In conclusion, while prograde
discs do not affect each other’s evolution significantly, ret-
rograde discs sensibly modify the evolution of older popula-
tions, accelerating their relaxation toward a more spherical
distribution.
3.3 Distribution and evolution of the orbital
parameters
We calculated the cumulative distribution of the final or-
bital parameters considering the five discs separately and
all together. The top panel of Figure 10 shows the cumu-
lative distributions of the semi-major axis. As already seen
in Figure 4, stars in the first two discs have significantly
diffused both towards the GC and beyond 0.3pc. Few per-
cent of the stars are found in a more extended and isotropic
configuration (see Figure 6). Consistent with observations
of young stars, which are preferentially found closer to the
GC (see e.g. Feldmeier-Krause et al. 2015), stars belong-
ing to younger populations are more centrally concentrated
than older stars. In addition, the stars in the fifth disc are
distributed on lower eccentricity orbits compared to earlier
discs (see middle panel of Figure 10). After 500Myr of evo-
lution, the first and second discs have approximately settled
on a thermal distribution for the eccentricities; younger discs
are farther from reaching this point than older stars. In the
case of the first realisation all the discs except the third one
are co-rotating (see bottom panel of Figure 10 and Table 1)
and the discs relax approaching an isotropic distribution of
the inclinations. Stars in the first and second discs are sig-
nificantly closer to a uniform spatial distribution than the
ones belonging to the remaining discs. Figure 11 shows the
evolution of the average semi-major axis (top panel), eccen-
tricity (middle panel) and inclination (| cos i |, bottom panel)
for each disc and for all the stars taken together during the
last 100Myr of evolution. While the first disc increased its
radius significantly, the other discs are still centrally concen-
trated. The linear evolution of the semi-major axes, with
each new disc reaching the same size that the previous one
had 100 Myr earlier, suggests that every disc relaxes and dif-
fuses its stars at a similar rate as well as that their mutual
gravitational interactions are negligible. The fifth disc is the
least relaxed one and shows the smallest average semi-major
axis for its stars. The average semi-major axis increases at
the same rate for all the discs. The first and second discs
are the closest to a thermal distribution of the eccentrici-
ties and they show the largest average orbital eccentricity.
The stars belonging to the fifth disc are on more circular
orbits than the stars belonging to older discs and show the
lowest average orbital eccentricity. While the first four discs
have significantly decreased their initial average | cos i | mov-
ing toward a more uniform distribution, the fifth disc is still
significantly flattened and shows the smallest average orbital
inclination (i.e. largest flattening).
3.4 Kinematics of the discs
The discs, which are initially rotationally supported, are ex-
pected to relax becoming more spherical, losing part of their
angular momentum and redistributing it among the SBHs.
Depending on the time-scale of this latter process, a signa-
ture of the initial rotational velocity could still be observable
today in the different populations. Figure 12 shows the line
of sight velocity maps for all the discs considered together
and separately, observed perpendicular to the total angular
momentum of the system. The maps are obtained by apply-
ing the Voronoi binning procedure described by Cappellari
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& Copin (2003) with a fixed S/N ratio of 5 in each bin2. The
whole stellar system and each disc show different maximum
rotation velocities. Since they are less relaxed, the stars in
the fifth disc rotate faster than the stars in the older discs
and are more spatially concentrated. The velocity dispersion
peaks at the centre and it is higher for the earlier discs (see
Figure 13). The clumps and irregularities in the line of sight
velocity and velocity dispersion observed at radii larger than
0.5pc both for the single discs and for the full stellar com-
ponent are due to stars diffusing farther from the GC. The
angular momentum lost by the relaxing discs is acquired by
the SBHs. However, no regular rotation is observed in this
component.
4 DISCUSSION AND SUMMARY
We have explored the co-evolution of five young stellar pop-
ulations born consecutively in discs at the GC, where a pop-
ulation of stellar black holes is expected to reside in a cusp
(Miralda-Escude´ & Gould 2000a; Freitag et al. 2006; Alexan-
der & Hopman 2009; Hailey et al. 2018). Observations of the
GC suggest that the nucleus of the Milky Way experienced
at least one recent star formation episode that produced the
currently observed young stellar disc orbiting the central
0.5pc of the Galaxy (Levin & Beloborodov 2003; Paumard
et al. 2006; Lu et al. 2009; Bartko et al. 2009; Genzel et al.
2010; Pfuhl et al. 2011; Feldmeier-Krause et al. 2015). In-situ
star formation can play an important role in the build-up of
NSCs (Loose et al. 1982; Aharon & Perets 2015; Baumgardt
et al. 2018). Gas infalling from the circumnuclear regions
can produce a gaseous disc that subsequently fragments and
forms a new stellar population showing a disc-like configura-
tion. We show that the co-evolution of multiple stellar popu-
lations gives rise to dynamical and morphological signatures
that, if observed, could trace the star formation processes
that generated the discs.
In this work we modelled equally time-spaced star forma-
tion episodes in stellar discs, constraints from observations
(Hobbs & Nayakshin 2009). Each of the modelled discs has a
mass and initial distribution of the orbital parameters drawn
randomly from the same function. However, they are ran-
domly inclined with respect to each other. We simulated the
discs for a total time of 500 Myr using the direct N-body
code phiGRAPE. We performed two different realisations of
the same simulation using two sets of randomly picked ini-
tial conditions. Both realisations provide comparable results
and in this paper we mainly focused primarily on the first
realisation.
The discs are born at intervals of 100 Myr and they
slowly evolve towards spatial and kinematical isotropy. As
illustrated by Perets et al. (2018), the evolution of a stellar
disc is strongly affected by the temporal asphericity of the
NSC, in this case introduced by the presence of a discrete
SBH cusp. The same disc evolved in a smooth NSC poten-
tial, without SBHs, keeps its initial configuration over long
time-scales. The presence of massive O-stars, which are not
2 We assume Poissonian noise; the signal to noise is
√
N , where
N is the number of particles in the bin.
taken into consideration in our simulations, could have af-
fected the initial evolutionary phases of the discs. However,
disentangling their effect from that of the more numerous
and more anisotropically distributed SBHs would be chal-
lenging. The density profile of the final stellar component is
significantly different from the initial disc profile. It shows
a central shallow cusp followed by a sharp decline and stars
are present both inside and outside the initial radial limits of
the discs. The SBH spatial distribution does not change sig-
nificantly over 500Myr and a small fraction of SBHs diffuse
inwards and outwards.
At the end of the simulation (i.e. after a 500Myr of
evolution), only the last disc is still considerably flattened
(c/a ≈ 0.3) while the previous discs have had time to re-
lax and achieve flattening ratios between 0.25 and 0.4. The
second disc, which in the first realisation is followed by a
counterrotating disc, is less flattened than the first disc. A
significant fraction of stars diffuse beyond the initial radial
limit, and a steady growth of the average semi-major axis
is observed for all the discs. We notice that, in our second
realisation, the relaxation of the first disc is accelerated by
the formation of the following counterrotating disc, which
quickly randomises the inclinations of the stars belonging to
the older population. In this realisation, the first and second
discs are indeed less flattened than in the first realisation.
The five stellar populations, after 500Myr, have distinct
orbital parameter distributions. Younger discs are still signif-
icantly more centrally concentrated and flattened than the
older ones. We expect a growing fraction of old stars mov-
ing at larger distances from the GC. The first and second
discs have comparable cumulative eccentricity distributions,
both close to a thermal configuration. The birth of the third
counterrotating disc creates a gap between the evolution of
the first two and the last two discs. The stars in the fifth
disc move on more circular orbits than the stars in the other
discs. The inclination distributions of the first and second
discs are almost uniform after 500 Myr of evolution, while
the other discs are still far from becoming isotropic. The
fifth disc is the only one still showing low inclinations at the
end of the simulation. We clearly observe age segregation
in the outskirts of the system. The discs rotate at different
speeds, with the older discs rotating slower than the younger
ones. Clumps and irregularities due to diffusing stars are ob-
served in the velocity dispersion maps outside the central
0.3pc. These overdensities could help to identify different
kinematical populations in a less crowded area. The SBHs
acquire the angular momentum lost by the discs, however
they do not show any significant coherent rotation signal.
Due to the complexity of the problem presented in this
work, i.e. the need to evolve the analytic potential of the
GC in combination with the population of SBHs as well as
the individual discs, we have purposely refrained from intro-
ducing stellar evolution as an additional ingredient. This is
crucial to be able to disentangle the effects of the SBHs and
the discs onto each other as a first step. We note, that the
lifetime of the massive stars in our simulated discs can be
shorter than the duration of our simulations. For this rea-
son, a more detailed analysis of this problem including stellar
evolution is foreseen in the near future. However, given the
steep nature of the Salpeter IMF, only a small fraction of
the stars would have been affected by severe mass loss within
the first 500Myr of evolution.
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Our results suggest that star formation in multiple discs
gives rise to a complex dynamical evolution, with the discs
mutually affecting each other. The relative inclination of
the discs is an important parameter determining the spe-
cific type of evolution. Generally, the introduction of new
counterrotating discs can perturb the dynamics of older
stellar populations leading to accelerated relaxation. We
find that the long-term evolution of the discs leaves be-
hind unique observable morphologic and kinematic signa-
tures whose strength depends on the age of the stellar pop-
ulation. These signatures, which include flattening, rotation
and spatial distribution, might be observable in our own GC
and other galactic nuclei, proving important clues on the as-
sembly histories of NSCs.
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